Peripheral taste receptor cells depend on distinct calcium signals to generate appropriate cellular responses that relay taste information to the central nervous system. Some taste cells have conventional chemical synapses and rely on calcium influx through voltage-gated calcium channels. Other taste cells lack these synapses and depend on calcium release from stores to formulate an output signal through a hemichannel. Despite the importance of calcium signaling in taste cells, little is known about how these signals are regulated. This review summarizes recent studies that have identified 2 calcium clearance mechanisms expressed in taste cells, including mitochondrial calcium uptake and sodium/calcium exchangers (NCXs). These studies identified a unique constitutive calcium influx that contributes to maintaining appropriate calcium homeostasis in taste cells and the role of the mitochondria and exchangers in this process. The additional role of NCXs in the regulation of evoked calcium responses is also discussed. Clearly, calcium signaling is a dynamic process in taste cells and appears to be more complex than has previously been appreciated.
Introduction
When chemical stimuli are detected by peripheral taste cells, one of several different calcium signaling mechanisms may be activated, depending on the nature of the stimulus. Some taste stimuli have simple chemical structures and interact directly with ionotropic receptors located on the apical ends of the cell's microvilli. When ionotropic receptors are activated, they open and cause a cell depolarization. This cell depolarization generates an action potential, which causes voltagegated calcium channels (VGCCs) to open, and a calcium influx that is necessary for vesicular neurotransmitter release Medler et al. 2003; Purves 2007) . Other taste stimuli, including most bitter, sweet, and umami tastants are more chemically complex and activate G protein-coupled receptors (GPCRs) to cause a cellular response Chandrashekar et al. 2000; Chaudhari et al. 2000; Matsunami et al. 2000; Max et al. 2001; Nelson et al. 2001 Nelson et al. , 2002 . These taste-specific GPCRs initiate a signaling cascade that causes calcium release from internal calcium stores to activate a transient receptor potential cation channel (TRPM5) on the plasma membrane. TRPM5 opens and causes cell depolarization via an influx of monovalent cations, mostly sodium (Hofmann et al. 2003; Liu and Liman 2003; Prawitt et al. 2003; Kaske et al. 2007; Liman 2007) . Taste cells that express this signaling pathway lack conventional synapses and rely on the opening of a hemichannel to release adenosine triphosphate (ATP) as a neurotransmitter (Finger et al. 2005; Huang et al. 2007; Romanov et al. 2007 Romanov et al. , 2008 Dando and Roper 2009) .
Regardless of the signaling mechanism used, an increase in intracellular calcium is required for a normal output signal to be generated in taste cells. All cells tightly regulate cytosolic calcium levels to prevent nonspecific responses and taste cells are no exception. Although changes in cytosolic calcium are critical for peripheral taste transduction across most, if not all species, very little is currently known about the role of calcium regulation in this system. We have begun identifying the calcium clearance mechanisms (CCMs) expressed in taste cells and their role in calcium signaling. This review will be focused on our mouse studies, but CCMs are expected to have important functions in the peripheral taste signaling of all species.
Calcium responses in taste cells
In most cells, including excitable and nonexcitable cell types, calcium is a critical second messenger for many processes. Calcium signals are temporally and spatially complex; they can be transient or oscillatory and global or localized. As calcium enters the cytoplasm, there is a brief calcium increase at the entry site before it diffuses into the cell. Calcium can remain localized and activate effectors or can summate to yield global signals (Bootman et al. 2002) . The complexity of calcium signaling depends on both the mechanisms used to increase calcium as well as multiple clearance mechanisms that function to return calcium to prestimulation levels.
Although increases in intracellular calcium are required for normal signaling to occur in taste receptor cells, few studies have focused on understanding any of the potential complexities within these signals. Several years ago, my laboratory set out to identify any differences in the calcium signals that depend on calcium release from internal stores compared with the calcium signals that depend on calcium influx. In other cell types, including neurons, these types of calcium signals are different from each other; however, this question had not previously been addressed in taste cells. For these studies, we measured global cytosolic calcium changes in acutely isolated individual taste receptor cells using the calcium sensitive dye, Fura 2-AM. We used 50 mM KCl to cause cell depolarization, which opens VGCCs and allows for calcium influx into the cells expressing these channels. To activate calcium release from internal stores, we used bitter compounds at concentrations we had previously determined would maximally activate calcium release. Therefore, any differences in the calcium signals were due to real differences in the calcium responses and not due to a partial stimulus response .
Bitter, sweet, and umami taste stimuli activate membrane bound apically located GPCRs. When ligand binds, the taste GPCRs trigger the G protein bc subunits to activate a phospholipase C (PLCb) signaling pathway that produces inositol trisphosphate (IP 3 ) and diacylglycerol (Huang et al. 1999; Ming et al. 1999; Yan et al. 2001) . The IP 3 binds to an IP 3 receptor on the endoplasmic reticulum (ER) and causes calcium release from internal stores (Akabas et al. 1988; Rossler et al. 1998; Clapp et al. 2001 Clapp et al. , 2004 Miyoshi et al. 2001) . Elevated intracellular calcium activates TRPM5 which opens and causes cell depolarization (Hofmann et al. 2003; Liu and Liman 2003; Prawitt et al. 2003; Zhang et al. 2007 ). Subsequent to this cell depolarization, a hemichannel opens and ATP is released which acts as a neurotransmitter (Finger et al. 2005; Huang et al. 2007; Romanov et al. 2007 Romanov et al. , 2008 Dando and Roper 2009) . Disruption of this signaling pathway impairs the ability to detect multiple taste stimuli (Zhang et al. 2003; Damak et al. 2006 ).
Analyses of these 2 different types of calcium signals revealed significant differences between them (Figure 1 ). On average, the bitter-induced calcium release from internal stores generates a peak calcium value around 200 nM, whereas the influx through VGCCs produces an average peak value of 3 lM calcium. In addition, the peak rise times for the calcium influx signals are significantly faster (average time = 6.2 s) than the peak rise times for the calcium signals due to calcium release from stores (average time = 42.6 s, P < 0.001) . These calcium signals are clearly different from each other and appear to correspond with their specialized physiological roles: The calcium influx signal needs to be large to trigger vesicular release of neurotransmitter, whereas the calcium release from stores that activates the opening of TRPM5 is a smaller and slower signal.
Calcium clearance mechanisms
Although the source of the calcium signal is essential to forming an appropriate cellular response, another key element that contributes to generating a normal calcium signal is the mechanism(s) used by the cell to reduce elevated calcium. Without these CCMs, cells would be unable to return to baseline calcium levels and would not be responsive to further stimulation. In addition, prolonged calcium elevations generate nonspecific or inappropriate cellular responses to Figure 1 Examples of evoked calcium responses to either 50 mM KCl or 10 mM denatonium benzoate in isolated taste receptor cells. (A) A 10-s application of 50 mM KCl (arrow) caused a large increase over baseline values in taste cells that express VGCCs. After an initial rapid clearance of calcium, a plateau phase was present that eventually returned to baseline. (B) A taste receptor cell responded to a 20-s application of 10 mM denatonium benzoate (hatched column) with a small slow calcium increase.
the initial stimulus (Blaustein 1988; Berridge and Bootman 1996; Berridge et al. 1998; Bootman et al. 2002; Augustine et al. 2003) . Therefore, the functions of CCMs are crucial to the formation of the correct output signals in cells.
There are 5 known mechanisms that contribute to regulating calcium loads either by reducing cytosolic calcium or by temporarily buffering calcium elevations that are later removed. Two CCMs located on the plasma membrane are the sodium/calcium exchangers (NCXs) and the plasma membrane calcium ATPases (PMCAs), which extrude calcium out of the cell. PMCAs use ATP hydrolysis to pump calcium against its concentration gradient and out of the cell, whereas NCXs remove cytosolic calcium by exchanging 1 calcium ion for 3 external sodium ions. Exchangers take advantage of the strong inward electrochemical gradient for sodium to move a calcium ion against its concentration gradient and out of the cell. These actions result in a net positive charge across the membrane as the exchangers function. The excess sodium is later pumped out of the cell by the sodium/potassium ATPase (Blaustein 1988; Berridge et al. 1998; Blaustein et al. 2002; Bootman et al. 2002; Kim et al. 2005) .
A third CCM is comprised of calcium ATPases that are associated with internal calcium stores and sequester cytosolic calcium into these stores. These ATPases reduce elevated cytosolic calcium but also function to maintain appropriate calcium levels inside the stores. The ER is probably the best-characterized internal calcium store and uses the sarco-ER calcium ATPase (SERCA) to take up cytosolic calcium. The ER is not the only calcium store, and in many cells, the nuclear envelope, synaptic vesicles, and mitochondria can also function in this capacity. Interactions between these different calcium stores can also impact calcium signaling in the cell (Verkhratsky and Petersen 1998; Parys et al. 2000) .
Calcium-binding proteins are cytosolic proteins that bind free calcium ions in the cytosol to help control the magnitude of the calcium signal. There are approximately 240 calciumbinding proteins, some of which are pure calcium buffers, whereas others, such as calmodulin, function as calcium sensors and have additional signaling functions. Both types of calcium-binding proteins reversibly sequester calcium when cytosolic calcium levels are high (Rogers et al. 1990; Burgoyne and Weiss 2001; Haeseleer et al. 2002; Burgoyne 2007; Braunewell and Klein-Szanto 2009) . In addition to calcium-binding proteins, mitochondria also act as CCMs and buffer cytosolic calcium. During large calcium loads, mitochondria take up calcium through a calcium selective uniporter. There is a large electrochemical gradient for calcium in the mitochondria due to the negative membrane potential and low calcium concentrations within the mitochondrial matrix. As excess calcium is removed from the cytosol, the calcium-binding proteins and mitochondria release the bound calcium, which is then extruded from the cell. These buffering mechanisms play key roles in calcium signaling because they can prevent calcium-dependent inactivation of calcium sensitive processes but can also prolong a calcium signal by slowly releasing the bound calcium back into the cytosol (Blaustein 1988; Nicholls 1996, 1998; Kits et al. 1997; Verkhratsky and Petersen 1998; Friel 2000; Nicholls and Budd 2000) .
Increasingly, studies are finding that calcium-dependent signaling is affected by interactions between the ER and the mitochondria. These interactions impact the ER calcium stores, the intensity of the calcium influx through storeoperated channel (SOC) channels, and even affect the calcium signal directly. In many systems, interactions between the ER and the mitochondria influence the activation of IP 3 -dependent calcium release (Hajnoczky et al. 1999; Gilabert et al. 2001; Montero, Alonso, Albillos, Cuchillo-Ibanez, et al. 2001; and can also modulate the store-operated response that is activated when calcium stores are depleted (Gilabert et al. 2001; Parekh 2003; Jackson and Thayer 2006) . In some cells, mitochondria are vital to maintaining ER calcium stores, independent of the store-operated response (Landolfi et al. 1998; Pacher et al. 2000; Arnaudeau et al. 2001; Malli et al. 2005) . Thus, the complexity of the calcium response depends on both the mitochondria and ER, and the responses vary depending on how these organelles interact with each other (Verkhratsky and Petersen 1998; Hajnoczky et al. 1999; Gilabert et al. 2001 
Basal calcium levels in taste cells
Our studies were performed on acutely isolated taste receptor cells from mice. In these preparations, the tongue epithelium was enzymatically disassociated from the underlying muscle and individual taste receptor cells were plated onto coverslips and kept under constant perfusion of Tyrode's solution. This experimental design allows us to measure individual cellular responses, but the cells are no longer in their native configuration, which may potentially affect their responses. For that reason, taste cells with a resting baseline calcium level greater than 200 nM were not used in these studies to ensure that we were not including damaged cells in our analyses Laskowski and Medler 2009; Szebenyi et al. 2010 ). This value was based on the fact that most neurons have a resting calcium value around 100 nM and taste cells from other studies have reported similar values (Ogura et al. 1997; Baryshnikov et al. 2003) .
In their native configuration, taste receptor cells are housed together in taste buds and extend microvilli into the oral cavity to detect chemicals from food. Although most of the cell is housed in a normal extracellular ionic environment, the microvilli are exposed to variable conditions. When an organism is not eating, the microvilli are bathed in saliva and oral fluids that have an overall low ionic content Calcium Signaling in Taste Cells 755 (Malamud 1993; Mandel 1993; Schramm et al. 1993 ), but during consumption, the oral environment changes and the microvilli are subjected to this variable milieu. In our experimental setup, the entire cell is kept in extracellular solution and the microvilli are no longer in a low ionic environment.
Despite being in a nonnative environment, isolated taste receptor cells maintain a resting calcium level at approximately 100 nM which is comparable to most neurons (Purves 2007) . However, when external calcium is removed, baseline calcium levels in taste cells drop, even when the cell has not otherwise been stimulated (Figure 2A ). Similar findings have been seen in other studies of taste cells (Ogura et al. 2002) , but this is not a general characteristic of other cell types (White and Reynolds 1995; Lawrie et al. 1996; Mironov et al. 2005) , which suggests that taste cells may have unique mechanisms to regulate cytosolic calcium. When the external calcium concentration is increased, baseline calcium levels also increase with corresponding decreases if external calcium is decreased ( Figure 2B ).
As cytosolic calcium levels return to equilibrium after the removal of external calcium, there is often a transient spike in cytosolic calcium as external calcium is replaced ( Figure 3A ). These data suggest a dynamic relationship between internal and external calcium that likely depends on a channel or channels at the plasma membrane. SOC blockers do not affect these calcium changes, but when the trivalent ion lanthanum chloride is applied, basal calcium levels decrease to levels comparable with removing external calcium ( Figure 3A ,B) . Lanthanum is a nonselective cation and TRP channel blocker (Zhu et al. 1996; Halaszovich et al. 2000; Jung et al. 2003) , so these data suggest that the channel or channels responsible for the constitutive calcium influx may belong to the TRP family of channels.
There appears to be an unusually dynamic relationship between the external and internal calcium in taste cells. It is important for cells to keep cytosolic calcium levels low to prevent nonspecific activation of calcium-dependent processes, and it is quite unusual that taste cells actively increase as well as decrease cytosolic calcium to maintain homeostasis. We began investigating this relationship and found that multiple CCMs contribute to the regulation of basal calcium in taste cells.
Mitochondrial regulation of basal calcium levels
Mitochondria are well known calcium ''sinks'' that temporarily sequester calcium when a cell undergoes a large calcium load Nicholls 1996, 1998; Nicholls and Budd 2000) . In most cells, cell stimulation is required to generate a sufficient calcium load to activate mitochondrial calcium uptake, but in unstimulated taste cells, simply inhibiting this mitochondrial function causes an increase in cytosolic calcium. This indicates that the mitochondria are functioning to buffer cytosolic calcium even when the taste cell is not stimulated. Mitochondrial calcium uptake can be inhibited by the protonophore p-trifluoromethoxy-phenylhydrazone (FCCP) that dispels the large negative membrane potential across the inner mitochondrial membrane and greatly reduces the driving force for calcium to enter the mitochondria through the calcium uniporter (Ricken et al. 1998; Boitier et al. 1999 ). In other cell types, applying FCCP to unstimulated cells has no effect on baseline calcium Nicholls 1996, 1998; Nicholls and Budd 2000) . However, when taste cells are exposed in FCCP, there are variable calcium responses, as seen in Figure 4A , with peak calcium increases ranging from 32% to 826% over baseline calcium levels (average = 215% increase over baseline). As long as the mitochondria are disabled, cytosolic calcium is elevated, but it returns to baseline values when mitochondrial function is restored.
During these studies, we had to consider that one of the primary functions of mitochondria is to produce ATP and support the metabolic needs of the taste cell. In addition, both PMCAs and SERCA pumps require ATP to function, so it is possible that the mitochondria were not directly buffering cytosolic calcium but were indirectly inhibiting the calcium ATPases through ATP depletion. However, multiple control experiments demonstrated that within the time frame of the experiments, ATP depletion does not significantly contribute to these calcium elevations and that mitochondrial calcium uptake was the only process responsible for the measured effect . Based on these data, we concluded that mitochondria actively regulate cytosolic calcium in taste cells, even in unstimulated cells.
In an effort to identify the source of variability in the amplitudes of the calcium elevations due to FCCP, we evaluated the effect of different exposure times and concentrations of FCCP on the taste cells. There were no significant differences in the amplitude of the responses that correlated with either time or concentration. There were also no differences in the amplitude of the FCCP-induced calcium elevation that correlated with papillae type. However, there is a significant correlation between the signaling mechanisms used by the taste cells and the amplitude of the FCCP-induced calcium response. Taste cells with stimulus-induced calcium release from internal stores have significantly smaller changes in Calcium Signaling in Taste Cells 757 cytosolic calcium levels when the mitochondria are inhibited compared with taste cells that express VGCCs ( Figure 4B ; *P < 0.001). Taste cells that did not respond to either stimulus have comparable FCCP-dependent calcium responses with the taste cells that express VGCCs. In taste cells that respond to both cell depolarization and taste stimuli, the FCCP-dependent calcium responses are not significantly different from the taste cells that depend on calcium release from stores but are significantly smaller than the FCCPdependent responses in taste cells that only express VGCCs ( Figure 4B ; **P < 0.05) . These data suggest a relationship between the amplitude of the FCCPevoked calcium responses and the signaling mechanisms used by the taste cells.
It is not clear what is driving this relationship between mitochondrial calcium clearance and the signaling mechanisms that the taste cells use to respond to stimuli. It is possible that numbers of mitochondria vary across cell type due to the different metabolic needs of the cells or due to the different calcium-buffering requirements needed to appropriately control the evoked calcium signals. It is also possible that these different responses are due to distinct mitochondrial localizations within the cells. Mitochondria may cluster near the plasma membrane in taste cells with VGCCs but are preferentially localized close to the ER in taste cells that release calcium from stores in response to taste stimuli. Clustering near the ER would result in fewer mitochondria contributing to the regulation of any calcium influx signals, including a constitutive calcium influx. It is equally possible that there are different channels contributing to the constitutive calcium influx in the different cell types, and it is the magnitude of the calcium influx that is changing rather than any difference in the mitochondrial calcium buffering.
One of the most intriguing potential differences across cell types that may be significantly influencing the role of mitochondrial calcium buffering in taste cells is the presence of atypical mitochondria in some taste cells. These atypical mitochondria were anatomically identified in mouse taste cells over 20 years ago but have not been well characterized. Atypical mitochondria are much larger than normal mitochondria, are near sites of nerve contact, and often associate with subsurface cisternae (Royer and Kinnamon 1988) . Subsurface cisternae have been reported to be predominantly found in type II taste cells (Clapp et al. 2004) , which respond to bitter, sweet, or umami taste stimuli via calcium release from internal stores (Zhang et al. 2003) . Taken together, these studies suggest a potential connection between a preponderance of atypical mitochondria in taste cells that use calcium release from stores and the role of mitochondrial calcium buffering in these taste cells. Currently, more studies are needed to characterize the role of these atypical mitochondria. It will be interesting to see if they are contributing to the differences in the calcium response amplitudes that occur when mitochondria are inhibited.
It was quite unexpected to discover that the mitochondria contribute to the regulation of basal calcium levels in the absence of cell stimulation. Mitochondria are known to modulate calcium signals in many cell types, including both excitable and nonexcitable cells. However, the mitochondrial calcium uptake mechanism, the calcium uniporter, has a relatively low affinity for calcium with a K d between 10 and 20 lM, and mitochondria only begin accumulating calcium when the extramitochondrial calcium concentration is greater than 400 nM (Gunter and Pfeiffer 1990; Duszynski et al. 2006; Contreras et al. 2010) . Because baseline calcium levels in taste cells are maintained close to 100 nM, it is not expected that mitochondria would take up calcium under these conditions. In many cell types, mitochondria do not actively take up calcium unless the cell undergoes a large stimulus-induced calcium load Nicholls 1996, 1998; Nicholls and Budd 2000; Nicholls 2005) .
In general, the localized calcium concentrations close to the initiation site of calcium signals can be many times higher than the bulk cytosolic calcium concentration (Rizzuto et al. 1993 (Rizzuto et al. , 1999 ). Although it is not possible to accurately measure these calcium microdomains, it is thought that calcium levels within these microdomains could get high enough to activate calcium uptake by mitochondria that are located near the calcium signal site. Our data suggest that taste cells likely have localized microdomains of high calcium that are sufficient to activate the mitochondrial uniporter.
NCXs contribute to the regulation of basal calcium levels
Because mitochondria function as temporary calcium sinks and cannot take up calcium indefinitely, there has to be at least one calcium extrusion mechanism to remove excess calcium from the cytosol and prevent nonspecific calcium activation of cellular processes. We hypothesized that NCXs may be important in the regulation of basal calcium levels in taste cells. NCXs are localized on the plasma membrane in cells and have a low calcium affinity but high capacity for calcium removal. When cells have large calcium loads, PMCA activity becomes saturated and cells then rely on NCXs to remove the majority of the excess calcium from the cytosol (Monteith and Roufogalis 1995; Berridge and Bootman 1996; Sedova and Blatter 1999) .
Even though lithium can substitute for sodium through many sodium channels, it is a good blocker of NCX activity because it cannot substitute for sodium in these exchangers (Blaustein and Santiago 1977) . In unsimulated taste cells, inhibiting NCX activity by substituting lithium for external sodium increases cytosolic calcium. This calcium elevation is maintained as long as external sodium is absent ( Figure  4C ) and can range from 4% up to 400% increases in baseline calcium levels. When the exchangers are inhibited, the calcium elevation usually plateaus at a new concentration level where it is maintained until the exchangers are again functional. These elevations are due to the inhibition of the exchanger's role in removing cytosolic calcium and do not depend on time of inhibition or the ion used to substitute for sodium in the extracellular solution (Laskowski and Medler 2009 ).
Similar to the effects of inhibiting mitochondrial calcium uptake, there is variability in the magnitude of the calcium elevation when NCXs are inhibited that correlates with the calcium signaling mechanisms used by the taste cells. In taste cells that rely on calcium release from internal stores, the amplitude of the calcium elevation is significantly smaller than the increase in cytosolic calcium when the exchangers are inhibited in taste cells expressing VGCCs ( Figure 4D ) (Laskowski and Medler 2009 ). These data parallel our findings from inhibiting mitochondrial calcium buffering and strongly suggests that different taste cell populations have significant differences in the way they regulate cytosolic calcium. The reason for this variability is unclear but since exchangers are restricted to the plasma membrane, their cellular localization is less likely to be driving these differences. However, there may be a correlation between the channel(s) responsible for the calcium influx and the calcium signaling mechanism used by the taste cell. Taste cells express multiple exchanger isoforms (Laskowski and Medler 2009 ) and there may be some specificity in exchanger isoform expression that is driving the differences we have measured. Further studies are necessary to address these questions.
The mitochondria and exchangers synergistically regulate basal calcium levels
Because there were similar correlations in the response amplitudes when either the mitochondria or the exchangers were inhibited, we postulated that these 2 calcium regulatory mechanisms may work synergistically to regulate cytosolic calcium. To address this question, we analyzed the effect on cytosolic calcium when each CCM was individually inhibited and when they were simultaneously inhibited. When both CCMs are inhibited, the overall calcium response significantly increases compared with the magnitude of the calcium responses when the CCMs were individually inhibited ( Figure 5A ) (Laskowski and Medler 2009) . There are 2 possible explanations for these findings. The first possibility is that the functions of these 2 CCMs are completely independent from the other, including the calcium loads they are regulating. If this is the case, then when both CCMs are inhibited simultaneously, the subsequent calcium response should equal the sum of these 2 independent events. The second possibility is that these 2 CCMs work together to regulate cytosolic calcium and if one mechanism is inhibited, the other CCM can at least partially compensate for the additional calcium load. If both mechanisms are inhibited, the overall calcium response will increase even more because neither mechanism is available to compensate for the other. Our analysis revealed that when both CCMs are inhibited, the calcium load is significantly greater than the sum of the individual calcium loads from inhibiting either NCX or mitochondrial calcium uptake ( Figure 5B) . Therefore, the mitochondria and NCXs appear to work jointly to keep cytosolic calcium levels low.
Channels involved in the constitutive calcium influx
Our initial data indicated that a TRP channel or channels may be involved in the constitutive calcium influx found in taste cells (Figure 3 ). Three TRP channels that have been identified in taste cells: the TRPM5 channel, a taste variant of TRPV1, and a heteromer of polycystic kidney disease PKD1L3/ PKD2L1 (Liu and Liman 2003; Prawitt et al. 2003; Lyall et al. 2004; Ishimaru et al. 2006; LopezJimenez et al. 2006; Kaske et al. 2007 ; Figure 5 Exchangers and mitochondrial calcium transport work together to regulate cytosolic calcium levels in taste cells. (A) Replacement of external sodium with lithium (gray column) to inhibit NCX activity caused an elevation in cytosolic calcium. Applying FCCP (1 lM, dark gray column) to inhibit mitochondrial calcium uptake also elevated cytosolic calcium. Adding FCCP when NCXs were inhibited caused a much larger increase in cytosolic calcium compared with FCCP or lithium alone. (B) The integrated area under the FCCP + lithium curve was significantly larger than the combination of the integrated areas for the calcium elevations that occurred when FCCP and lithium were applied individually (*P < 0.05). Adding the area of the FCCP-dependent calcium response to the integrated area of the calcium response when NCXs were inhibited was only 78% of the integrated area of the calcium response that was generated when FCCP was applied while NCXs were inhibited. Adapted from Laskowski and Medler (2009) . et al. 2008) . The TRPM5 channel is monovalent selective (Hofmann et al. 2003; Ullrich et al. 2005 ) and could not contribute to the constitutive calcium influx. The PKD heteromer is only expressed in a subset of taste cells (Ishimaru et al. 2006; LopezJimenez et al. 2006; Kataoka et al. 2008; Ishii et al. 2009 ) but the constitutive calcium influx is observed in most taste cells, so the PKDs are unlikely to be important in regulating cytosolic calcium. Currently, the role of TRPV1 in taste transduction is not well defined. Initial studies proposed a role for this channel in salt taste (Lyall et al. 2004; , but behavioral studies concluded that TRPV1 was not necessary for salt detection (Ruiz et al. 2006; Treesukosol et al. 2007 ). Therefore, we hypothesized that TRPV1 may contribute to the constitutive calcium influx in mouse taste cells.
Calcium Signaling in Taste Cells
We initially used a TRPV1 antagonist capsazepine (10 lM) to determine if TRPV1 contributes to the FCCP-induced calcium elevations. In some taste cells, capsazepine completely abolishes the FCCP-dependent response ( Figure 6A ) while significantly reducing calcium elevations in other cells ( Figure  6B ,C) . These data suggest that TRPV1 is contributing to this constitutive calcium influx and for some taste cells is the only channel involved in this process. In other taste cells, multiple channels contribute to this calcium influx. Our findings were confirmed using another TRPV1 antagonist SB-366791 , and similar results were obtained when NCXs were inhibited in the presence of TRPV1 antagonists ( Figure 6D ) (Laskowski and Medler 2009 ). Taken together, these studies demonstrate that TRPV1 or a taste variant of TRPV1 is one of the channels contributing to the constitutive calcium influx across the plasma membrane in some taste cells. Additional channels appear to contribute to this constitutive calcium influx but they have not yet been identified. Future studies using the TRPV1 knockout mouse would provide valuable insights into cellular mechanisms controlling this constitutive calcium influx. Because it appears that other unidentified channels also contribute to this constitutive calcium influx, a great deal of study is needed to identify all the channels involved, ascertain their relative participation in the constitutive calcium influx and then relate how these findings affect calcium homeostasis in taste cells.
Evoked calcium responses in taste cells
Although the CCMs in taste cells play a critical role in the regulation of basal calcium in the absence of cell stimulation, there is still a need for calcium clearance when cells are stimulated and have an acute rise in intracellular calcium. Our initial studies focused on the role of NCXs in terminating 2 different types of calcium responses: signals that depend on calcium influx through VGCCs and signals that depend on calcium release from internal stores.
When taste cells are depolarized and calcium enters the cell through VGCCs, there is an initial fast signal that reaches the peak value very quickly and then enters a plateau phase that slowly returns to prestimulus levels ( Figure 1A) . The time to return to baseline calcium can be quite prolonged and is likely due to the slow release of cytosolic calcium by the mitochondria and calcium-buffering proteins Reynolds 1995, 1997; Medler and Gleason 2002) . We performed experiments to determine if NCXs contribute to the regulation of this calcium influx signal in taste cells. When NCXs are inhibited by removing external sodium, the initial peak amplitude of the response does not change but the duration of the initial response significantly increases (Szebenyi et al. 2010) . These data indicate that NCXs have a critical role in limiting the length of time that the cell is exposed to very high calcium levels due to open VGCCs but appear to be less important in regulating the initial amplitude of the peak calcium response.
Another possible explanation is that the peak amplitudes are not changing when NCXs are inhibited because most of the calcium influx through the VGCCs is coming through the L-type calcium channels that are calcium sensitive and are inactivated by elevated cytosolic calcium (Hille 2001) . The additional calcium load due to NCX inhibition may be sufficient to at least partially inactivate these L-type calcium channels and thus reduce the overall peak calcium response that can occur during cell depolarization. The functional distribution of VGCCs in taste cells has not been well characterized, but studies have established that multiple VGCCs are expressed in taste cells, including L-type calcium channels (Behe et al. 1990; DeFazio et al. 2006; Roberts et al. 2009 ). It is clear that L-type calcium channels are not the only VGCCs in taste cells (Behe et al. 1990; DeFazio et al. 2006; Roberts et al. 2009) , and although there was not a lot of variation in the measurements taken in our study (n = 35 cells) (Szebenyi et al. 2010) , it would be useful to confirm these findings in taste cells with identified VGCCs. Data from the Roberts et al. (2009) study indicate that there is some segregation in the expression of VGCC isoforms within taste cells, so these studies should be possible. If L-type calcium channel inactivation was significantly affecting the response peak amplitude, the NCXs may actually have an important role in controlling the initial response magnitude that we were not able to measure in our earlier study.
Because NCXs routinely contribute to the regulation of the constitutive calcium influx, this generates an additional calcium load on the taste cells when NCXs are inhibited that has to be considered in the analysis. To evaluate the role of NCXs in the termination of the calcium influx signal, we integrated the area under the response curve to get a proportional measure of the amount of calcium that enters during cell stimulation. Once we accounted for the calcium load due to inhibiting NCXs alone, we compared the calcium loads due to opening VGCCs when NCXs are functional with the calcium load that occurs when VGCCs are open and NCXs are inhibited. Adding these individual calcium loads generates an overall calcium load that is significantly less than the load that occurs when both events happen at the same time. This suggests that the NCXs significantly regulate the calcium influx signal through VGCCs because when NCXs are nonfunctional, the calcium load becomes significantly bigger even after we account for the constitutive calcium influx (Szebenyi et al. 2010) .
Similar experiments were performed to determine if NCXs significantly regulate the calcium signals depending on calcium release from internal stores. Taste cells were stimulated with denatonium to activate the PLCb signaling pathway and cause calcium release from internal stores in bittersensitive taste cells ( Figure 1B) . Adding the integrated calcium loads for the denatonium-evoked calcium elevations and the calcium loads that develop when the exchangers are inhibited resulted in an overall calcium load that was approximately equal to the calcium load on the taste cell when both events occurred simultaneously. These data suggest that the NCXs do not significantly contribute to the termination of these calcium release signals (Szebenyi et al. 2010) .
Because many bitter-responsive taste cells are type II taste cells and many taste cells with VGCCs are type III cells Yang, Tabata, et al. 2000; Clapp et al. 2001 Clapp et al. , 2004 Clapp et al. , 2006 Miyoshi et al. 2001; Yee et al. 2001; DeFazio et al. 2006) , we postulated that taste cell type was responsible for the different roles of NCXs in terminating these diverse calcium signals. We tested this hypothesis on a recently identified taste cell population that is bitter sensitive but also expresses VGCCs. These dual-responsive taste cells use both calcium release from stores and calcium influx through VGCCs , so if cell type is controlling NCX activity, it should be similar regardless of the calcium signal in this taste cell population. In these taste cells, NCXs significantly regulate the calcium influx signals but do not affect the calcium signals that depend on release from internal stores (Szebenyi et al. 2010) . Therefore, it does not appear that taste cell type influences the different roles for NCXs.
Because NCXs have a relatively low affinity for calcium (Matsuda et al. 1997) , another potential reason for the differences is that the calcium load due to calcium release from stores is not large enough to activate the NCXs while the calcium influx signal is sufficient. It is also possible that the initiation site of the calcium signal is driving NCX activity because calcium influx occurs at the plasma membrane where NCXs are located, whereas calcium release occurs at the internal stores. Subsequent experiments determined that signal location rather than signal-induced calcium load underlies the selectivity of the NCX response. Weak depolarizations that generate much smaller calcium loads on the Calcium Signaling in Taste Cells 761 cell are still affected by NCX activity while comparable calcium loads due to calcium release from stores are not (Szebenyi et al. 2010) . It is likely that either mitochondrial calcium uptake, SERCA pump activity on the ER, or a combination of both of these mechanisms are more important in the regulation of calcium loads due to the release from stores. Future studies will be focused on addressing this hypothesis.
Conclusions/future directions
To my knowledge, these are the only published studies addressing the complexity of calcium signaling in the peripheral taste receptor cells and specifically the role of CCMs in these processes. These studies have shown that calcium regulation is important in the formation of appropriate calcium responses and that evoked calcium responses can significantly change if CCMs are not functional. To date, mitochondrial calcium buffering and NCX activity have been identified but it is expected that other CCMs are also important in taste cells. PMCAs are expressed in taste cells (Medler 2005) , but their role in regulating calcium in these cells has not been identified. PMCAs are important in regulating calcium in olfactory neurons (Weeraratne et al. 2006; Kleene 2009; Saidu et al. 2009 ) and they likely also have important roles in taste cells. It would be interesting to determine if PMCAs are similar to NCXs in taste cells and have the same selectivity in the evoked calcium signals they regulate. Calcium-binding proteins have also been identified in taste cells (Ichikawa et al. 1992; Johnson et al. 1992; Yamagishi et al. 1993; Barlow et al. 1996; Miyawaki et al. 1996 Miyawaki et al. , 1998 Ichikawa and Helke 1997; Yamamoto et al. 2000; Diaz-Regueira et al. 2005; Northcutt 2005; Germana et al. 2007; Ohkubo et al. 2007; Barreiro-Iglesias et al. 2008) , their expression varies by species, and no functional studies have addressed their role in taste cells.
One of the most unexpected findings from these studies is the identification of the constitutive calcium influx in taste cells, even in the absence of cell stimulation. This constitutive calcium influx adds a complicating factor to studies focused on understanding calcium signaling in these cells. Because this calcium influx that must be regulated to maintain appropriate basal calcium levels, the CCMs have to be continuously activated. The dynamics of these processes are not known, but because there is also a need to regulate evoked calcium signals, we can assume that the CCMs are not maximally activated by the need to regulate this calcium influx. It is possible, but not currently known, that there is selectivity between isoform expression and function, i.e., certain exchangers regulate the calcium influx, while others are responsible for removing excess calcium due to stimulus signaling. It is equally possible that the CCMs are partially activated and are fully activated by a stimulus-induced calcium load. Many questions remain regarding this constitutive calcium influx and its influence on taste cell signaling. We postulate that this influx may have evolved to compensate for the variable external environment that taste cell microvilli are kept. It would be interesting to determine if similar characteristics are present in other species, especially marine organisms that are subject to such different external environments compared with mice.
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